Electron beam halo formation is studied as a potential mechanism for electron beam losses in highpower periodic permanent magnet focusing klystron amplifiers. In particular, a two-dimensional selfconsistent electrostatic model is used to analyze equilibrium beam transport in a periodic magnetic focusing field in the absence of radio-frequency signal, and the behavior of a high-intensity electron beam under a current-oscillation-induced mismatch between the beam and the periodic magnetic focusing field. Detailed simulation results are presented for choices of system parameters corresponding to the 50 MW, 11.4 GHz periodic permanent magnet (PPM) focusing klystron experiment performed at the Stanford Linear Accelerator Center (SLAC). It is found from the self-consistent simulations that sizable halos appear after the beam envelope undergoes several oscillations, and that the residual magnetic field at the cathode plays an important role in delaying the halo formation process.
I. INTRODUCTION
One of the main thrusts in high-power microwave (HPM) research is to overcome the problem of radio-frequency (RF) pulse shortening [1, 2] . Several mechanisms of RF pulse shortening have been proposed [3] , ranging from plasma formation at various locations in the device to nonlinear effects at the RF output section [4] [5] [6] [7] . However, few of them have been fully verified in terms of theory, simulation and experiment. In this paper, we discuss halos around high-intensity electron beams as a mechanism by which electron beam loss and subsequent plasma f ormation may occur in high-power klystron amplifiers.
From the point of view of beam transport in a periodic or uniform solenoidal focusing field, there are two main processes for halo formation in high-intensity electron beams. One process is caused by a mismatch in the root-mean-square (rms) beam envelope [8] , and the other is due to a mismatch in the electron phase-space distribution [9] . Both processes can occur when the beam intensity is sufficiently high so that the electron beam becomes space-charge-dominated. The purpose of this paper is to show that the former is responsible for electron beam halos in high-power klystron amplifiers.
For a periodic solenoidal focusing channel with periodicity length S and vacuum phase advance 
where K e N mc 
where k B is the Boltzmann constant.
In particular, we study equilibrium beam transport in a periodic magnetic focusing field in the absence of RF signal and the behavior of a high-intensity electron beam under a current-oscillationinduced mismatch between the beam and the periodic magnetic focusing field, using a two-dimensional self-consistent electrostatic model. Detailed simulation results are presented for choices of system parameters corresponding to the 50 MW, 11.4 GHz periodic permanent magnet (PPM) focusing klystron experiment [10] performed at the Stanford Linear Accelerator Center (SLAC). It is found from the self-consistent simulations that sizable halos appear after the beam envelope undergoes several oscillations, and that the residual magnetic field at the cathode plays an important role in delaying the halo formation process.
The paper is organized as follows. In Section II, a two-dimensional self-consistent model is presented for transverse electrostatic interactions in a high-intensity relativistic electron beam propagating in a periodic focusing magnetic field. In Section III, the equilibrium state for intense electron beam propagation through a PPM focusing field is discussed, the equilibrium (well-matched) beam envelope is determined, and self-consistent simulations of equilibrium beam transport are performed. In Section IV, the effects of large-amplitude charge-density and current oscillations on inducing mismatched beam envelope oscillations are discussed, and use is made of the model presented in Section II to study the process of halo formation in a high-intensity electron beam. The results are compared with the SLAC PPM focusing klystron amplifier experiment. In Section V, conclusions are given.
II. MODEL AND ASSUMPTIONS
We consider a high-intensity relativistic electron beam propagating with axial velocity β b z ce $ through the periodic focusing magnetic field ( ) , ,
where s z = is the axial coordinate, xe ye In the present two-dimensional analysis, we treat only the transverse electrostatic interactions in the electron beam. The effects of longitudinal charge-density and current oscillations in the electron beam, which are treated using the relativistic Lorentz equation and full Maxwell equations, will be considered in Section IV. For present purposes, we make the usual thin-beam approximation, assuming that (a) the Budker parameter is small, i.e., e N mc
<< , (b) the beam is thin compared with the lattice period S , and (c) the electron motion in the transverse direction is nonrelativistic.
Under the thin beam approximation, the self-consistent electrostatic interactions in the electron beam can be described by a two-dimensional model involving N p macroparticles (i.e., charged rods). In the Larmor frame, the transverse dynamics of the macroparticles is governed by [8, 11] ( ) 
where 
respectively. Here, . Detailed derivations of Eqs. (4)- (7) can be found in [8] for r w → ∞ .
The two-dimensional self-consistent model described by Eqs. (4) and (5) will be used to simulate equilibrium beam transport in a PPM focusing field in the absence of RF signal (Section III) and electron beam halo formation in the transverse direction induced by large-amplitude longitudinal current oscillations (Section IV).
III. EQUILIBRIUM BEAM TRANSPORT
In the absence of RF signal, the relativistic electron beam propagates through the focusing field in an equilibrium state. In this section, we discuss important properties of the equilibrium beam transport, and present results of our analysis and self-consistent simulations of periodically focused intense electron beam equilibria for choices of system parameters corresponding to those used in the SLAC 50 MW, 11.4 GHz PPM focusing klystron experiment [10] .
A. Beam Envelope Equation for a Rigid-Rotor Vlasov Equilibrium
It has been shown previously [12, 13] that one of the equilibrium states for the system described by
Eqs. (4) and (5) We analyze the beam envelope for equilibrium beam transport in the SLAC 50 MW, 11.4 GHz PPM focusing klystron experiment [10] . The system parameters of the experiment are shown in Table   1 . To examine the influence of small residual magnetic field on the beam transport, we analyze two different cases shown in Table 2 . In Case I, we assume no residual magnetic field at the cathode, such 
B. Self-Consistent Simulation of Equilibrium Beam Transport
Self-consistent simulations based on the model described in However, since the beam dynamics is mostly dictated by space-charge forces for the parameter regime considered here, the emittance growth has little effect on the beam transport properties. In fact, the distribution in the configuration space shown in Fig. 2 (d) agrees very well with the initial distribution shown in Fig. 2(a) . Moreover, the effective beam radius obtained from the simulation agrees with that obtained from Eq. (8) within 0.2%. In the simulation, no beam loss is detected. 
C. Phase Space Structure
It is known that the phase space structure for a matched intense beam in a periodic focusing system exhibits nonlinear resonances and chaotic behavior [14] . To determine how sensitive the equilibrium beam transport is against small perturbations for the parameter region of interest, we examine testparticle dynamics subject to the field configuration consisting of the applied focusing field and the equilibrium self-electric and self-magnetic fields. We make use of the Poincaré surface . In Fig. 4 , the successive intersections of 15 test-particle trajectories with the phase space ( r P r , ) are plotted every period of the focusing field for 1000 periods. One test particle is initialized at the phase-space boundary of the equilibrium distribution, and the corresponding test-particle orbit is represented by the inner curved arc in Fig. 4(a) and by the innermost contour in Fig. 4 To summarize the results of this section briefly, we find from self-consistent simulations and detailed phase space analysis that in the absence of RF signal, the equilibrium beam transport in the PPM focusing klystron is robust and no beam loss is expected. These results are in good agreement with the experimental observation [10] of 99.9% beam transmission in the absence of RF signal.
IV. HALOS INDUCED BY MISMATCHED ENVELOPE OSCILLATIONS
Microwave generation in a klystron is due to the coupling of large-amplitude charge-density and 
where subscripts f and s denotes the fast-and slow-space-charge waves, respectively, and ω and
are the frequency and wave numbers of the perturbations, respectively. Making the longwavelength approximation for a thin beam, it can be shown that the dispersion relations for the fast-and slow-space-charge waves can be expressed as [15] ω β ε
where k f assumes plus sign, and k s assumes minus sign. In Eq. (10), ε sc is the longitudinal spacecharge coupling parameter. The effective value of ε sc is estimated to be = sc ε 0.012 for the SLAC PPM focusing klystron [10] . In the klystron, the total current oscillations are the sum of fast-and slow-space-charge waves with a phase difference of ~180 o . As a result, the total current oscillations and the total velocity oscillations are out of phase by ~180 o . Therefore, the amplitude of the total current oscillations is given by ( ) 
For the SLAC PPM focusing klystron [10] , Eq. (12) / . = 1 0 in order to take into account the fact that the instantaneous current exceeds 2I b during high-power operation of the klystron.
B. Self-Consistent Simulation of Electron Beam Halo Formation
The process of halo formation in intense electron beams is studied using the two-dimensional self- [10] . The discrepancy between the simulation and experimental measurements may be caused by nonlinearities in the applied magnetic fields which are not included the present simulation.
As the beam propagates in the focusing field, its distribution rotates clockwise in the ( )
phase space, as shown in Figs. 6(f) to 6(j). The particles are initially dragged into the halo at the edges of the phase space distribution, where a chaotic region is formed around an unstable periodic orbit that is located just outside the beam distribution [17] . The unstable periodic orbit is a result of a resonance between the mismatched core envelope oscillations and the particles dynamics. As the halo particles move away from the beam core, the influence of space charge forces decreases and these halo particles start rotating faster than the core particles, creating the S-shaped distributions observed in Figs. 6(f) to 6(j).
The halo formation is also observed in the ( ) Second, we discuss the self-consistent simulation results for Case II and the role of small residual magnetic field at the cathode in the halo formation process. Figure 8 shows a plot of the effective beam core radius as a function of the propagation distance s . In Fig. 8 , an excellent agreement is found between the envelope obtained from the self-consistent simulation (solid curve) and the envelope obtained by numerically solving the envelope equation (8) with the emittance calculated in the selfconsistent simulation (dotted curve). One of the effects of the residual magnetic field at the cathode is to decrease the period of the envelope oscillations. The period for case II is 10.5 cm, slightly shorter than the period found in Case I (Fig. 5) . The envelope executes four periods of oscillations in the entire PPM focusing section of the SLAC klystron. oscillations, it is evident that the halo formation process is slower in Case II than in Case I (see Fig. 7 ).
In particular, despite that the initial beam radius in Case II is larger than in Case I, the halo radius in Case I is greater than that in Case II at the output section ( = s 42 cm) of the PPM focusing klystron.
Because the halo radius at s = 40 cm is 5.3 mm and is still greater than the beam tunnel radius, the electrons in the halo are lost to the waveguide wall. Nevertheless, these results indicate that a small residual magnetic field at the cathode plays an important role in delaying the halo formation process and might be used to prevent electron beam loss in future experiments.
V. CONCLUSIONS
We have studied equilibrium beam transport in a periodic magnetic focusing field in the absence of RF signal, and the behavior of a high-intensity electron beam under a current-oscillation-induced mismatch between the beam and the magnetic focusing field. Detailed simulation results were presented for choices of system parameters corresponding to the 50 MW, 11.4 GHz periodic permanent magnetic (PPM) focusing klystron experiment performed at the Stanford Linear Accelerator Center (SLAC).
From self-consistent simulations and detailed phase space analysis, we found that in the absence of RF signal, the equilibrium beam transport is robust, and that there is no beam loss, which is in agreement with experimental measurements. During the high-power operation of the klystron, however, we found that the current-oscillation-induced mismatch between the beam and the magnetic focusing field produces large amplitude envelope oscillations. We estimated the amplitude of envelope oscillations using a one-dimensional cold-fluid model. From self-consistent simulations we found that for a mismatch amplitude equal to the beam equilibrium radius, the halo reaches 0.64 cm in size and contains about 1.5% of total beam electrons at the RF output section for a beam generated with a zero magnetic field at the cathode. Because the halo radius is greater than the actual beam tunnel radius, these halo electrons are lost to the waveguide wall, yielding 0.2% beam power loss. The simulation results agree qualitatively with 0.8% beam power loss observed in the experiment [10] . The discrepancy between the simulation and experimental measurements may be caused by nonlinearities in the applied magnetic fields which are not included the present simulation.
We also studied the influence of a small residual magnetic field at the cathode on the equilibrium beam transport and electron beam halo formation during high-power operation of the klystron. We found that the equilibrium beam radius increases with the residual magnetic field. Although the halo grows in size to reach the waveguide wall the RF output section and a nonlinear vortex structure develops in the electron beam, we found that the onset of halo formation is delayed, which might be used to prevent electron beam loss in future experiments.
Although the results presented in this paper are based on a two-dimensional electrostatic model, they give a good qualitative description of the process of halo formation in high-power PPM focusing klystron amplifiers and suggest that halo formation is a potential mechanism for electron beam losses in such devices. 
